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Abstract
We present a new reaction, complementary to the J/ψ → ηK∗0K¯∗0 from which an h1 resonance with
mass around 1830 MeV was reported from a BESIII experiment. The new reaction is ηc → φK∗K¯∗,
or ηc(2S) → φK∗K¯∗. Using the information from the analysis of J/ψ → ηK∗0K¯∗0, we find that the
K∗K¯∗ invariant mass distribution for those two ηc decays exhibits a clear peak around 1830 MeV perfectly
distinguishable from what one obtains with pure phase space. We suggest the implementation of these
reactions to assert the existence of this elusive resonance which, by its nature as a vector-vector molecule
with 0−(1+−) quantum numbers, only couples to the K∗K¯∗ channel.
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I. INTRODUCTION
The advent of experimental facilities, BES, Belle, BaBar, CLEO [1–4] has brought an impres-
sive advance in the field of Hadron Physics and has discovered a great deal of new states in the
light quark sector, and with open and hidden charm or beauty [5, 6]. Mesonic states have been the
most favored, usually observed through peaks in the invariant mass of pairs of particles, trios or
even bigger numbers of more elementary mesonic states. The interpretation of the results requires
to deal with the meson-meson interaction and there, the chiral unitary theory (UCPT) [7–9], or
extensions of it using the local hidden gauge approach [10–12], have proved very efficient. One of
the issues in hadronic physics is to learn about the structure of the states found, and in this sense
the conventional wisdom of mesons made of qq¯ and baryons of qqq has been challenged by both
experiment and theory [13–15]. Indeed, some meson states clearly demand tetraquark structures
or a molecular description, while some baryonic states clearly call for more complex structures,
like the Λ(1405), which for long was claimed to correspond to a quasibound K¯N state [16]. The
pseudoscalar meson-meson interaction has been extensively studied in UCPT [8, 17–20]. In many
cases, the interaction, smoothly energy dependent, is sufficient to produce bound states or reso-
nances when coupled channels are used. These states are referred as dynamically generated in the
Literature. They arise as poles of the scattering matrix from the solution of the Bethe-Salpeter
equation in coupled channels, using the potential provided by the tree level amplitudes of chi-
ral perturbation theory or the local hidden gauge approach. Sometimes they are also referred as
composite states, following the nomenclature of Weinberg in his early work that showed that the
deuteron was an ordinary bound state of a neutron and a proton and not a genuine state of other
nature with small coupling to p and n [21].
The vector meson-vector meson interaction has been only addressed more recently [22–25].
The use of the local hidden gauge approach made possible the systematic study of this interaction,
which started with the study of the ρρ interaction [22] and was extended to the SU(3) space in
Ref. [23]. In Ref. [23], in addition to the f2(1270) and f0(1370) found in Ref. [22], nine more
resonances were found, most of which could be associated to known states, while a few remained
as predictions. Among the predictions there is an h1 0−(1+−) around 1800 MeV that couples to
K∗K¯∗ as the only channel. The fact that ordinary decay channels of this state are not allowed,
because of its quantum numbers and structure, has probably been a reason why this state is not
catalogued in the PDG [26]. Yet, a lucky coincidence, the measurement of the J/ψ → ηK∗0K¯∗0
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FIG. 1. Diagrammatic representation of the ηc → φK∗K¯∗ decay. (a) tree level, (b) and (c) with final state
interaction of the K∗K¯∗. Production with L = 0 is assumed in order to attribute the quantum number of an
h1 to the K∗K¯∗ state.
decay by the BES Collaboration [27] searching for the Y (2175), now catalogued as φ(2170) in
the PDG (which incidentally was not found in Ref. [27], see Ref. [28] for explanations), showed
evidence for this h1 state. Indeed in that decay a pronounced peak was observed in the invariant
mass of K∗0K¯∗0 around 1830 MeV that an analysis carried out in Ref. [28] attributed to the
formation of the h1 resonance made from the K∗K¯∗ interaction. The presence of a resonance
produced a distribution drastically different than that of pure phase space and in good agreement
with experiment. In view of this finding, it is important that new reactions are measured which
provide further evidence of this new state, such that it can become one of the accepted states
according to the standards of the PDG. This is the purpose of the present paper.
In this work, based on the information obtained from Refs. [27, 28], we propose to study the
decay of ηc → φK∗K¯∗ (K∗+K∗− or K∗0K¯∗0), focusing on the invariant mass distributions of the
K∗K¯∗ pair. We predict an invariant mass distribution which has a shape drastically different from
the one we obtain using simple phase space. The measurement of this distribution should bring
additional information that would serve to confirm the new state proposed in Ref. [28] and enrich
the field of hadronic resonances with one which is clearly composite of two vector mesons.
II. THEORETICAL FRAMEWORK
The process ηc → φK∗K¯∗ can be depicted in Fig. 1. The diagram of Fig. 1-(a) shows the bare
vertex for φ, K∗, and K¯∗ production. Diagrams Fig. 1-(b) and (c) account for rescattering of the
K∗’s.
In diagrams Fig. 1-(b) and (c), the sum of terms after the first loop, including the tree level
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K∗K¯∗ → K∗K¯∗ interaction (bare vertex of the interaction of four K∗’s) and further iterations of
it, can be summed with the Bethe-Salpeter equation to give the K∗K¯∗ → K∗K¯∗ t matrix through
t = V + V GV + V GV GV + · · ·
= V + V Gt = V (1 +Gt) =
V
1− V G =
1
V −1 −G, (1)
where G is the loop function of the K∗K¯∗ pair.
The simplest possibility, and chosen by nature unless forbidden by some symmetry, is that the
process proceeds with L = 0. This is also most natural since in this case there is not much phase
space for the reaction (Mηc −mφ − 2mK∗ = 180 MeV). Then the K∗K¯∗ system is created, and
propagates with the IG(JPC) = 0−(1+−) quantum numbers, those of an h1 resonance. It is in this
channel that the interaction provided by the local hidden gauge approach generates an h1 structure
around 1800 MeV upon rescattering, according to Ref. [23]. We shall not distinguish between
charged or neutral K∗ since the K∗K¯∗ state is created in I = 0,
|K∗K¯∗, I = 0〉 = − 1√
2
(K∗+K∗− +K∗0K¯∗0), (2)
and propagates with this isospin. It suffices to project at the end over the K∗+K∗− or K∗0K¯∗0
component, but since we are only interested in the shape of the distribution, this factor is unneces-
sary.
The G function is known analytically in dimensional regularization [23], but since the K∗ has
a width of about 50 MeV, it is necessary to perform a convolution of the standard G function to
account for the mass distributions of the two K∗’s. This is done replacing G by G˜ with
G˜(s) =
1
N 2
∫ m2+
m2
−
dm21 dm
2
2
(
−1
pi
)2
ω(m21) ω(m
2
2) G(s, m
2
1, m
2
2), (3)
Here, m1,2 represent the masses of two stable particles. The integration is in the range m± =
m∗K ± 2ΓK∗ with the nominal mass m∗K and width ΓK∗ of the K∗ meson, respectively. The factor
N is used for normalization and is given by
N 2 =
∫ m2+
m2
−
dm21dm
2
2
(
−1
pi
)2
ω(m21)ω(m
2
2), (4)
ω(m2) = Im
1
m2 −m2K∗ + iΓ(m2)m
, (5)
Γ(m2) = ΓK∗
p3(m2)
p3(m2K∗)
, p(m2) =
λ1/2(m2, m2pi, m
2
K)
2m
Θ(m−mpi −mK). (6)
4
The standard G loop function can be written as
G(s, m21, m
2
2) =
1
16pi2
[
a(µ) + log
m1m2
µ2
+
∆
2s
log
m22
m21
+
ν
2s
(
log
s−∆+ ν
−s +∆+ ν + log
s+∆+ ν
−s−∆+ ν
)]
, (7)
with ∆ = m22 − m21 and ν = λ1/2(s, m21, m22), λ(x, y, z) = (x − y − z)2 − 4yz, the Ka¨hlen
function.
If we call tP the bare production vertex of Fig. 1(a), the sum of all diagrams in the Fig. 1 can
be written as
tP = VP + VP G˜t = VP (1 + G˜t), (8)
and the factor 1 + G˜t can be obtained from Eq. (1) as t/V . Then we write
tP = VP
t
V
, (9)
and finally the K∗K¯∗ invariant mass distribution of the ηc → φK∗K¯∗ can be written as
dΓ
dMinv
=
C
|V |2
p1p˜2
M2ηc
|t|2, (10)
where C is an arbitrary constant that absorbs VP and other constant factors, p1 is the φ momentum
in the ηc rest frame,
p1 =
λ1/2(M2ηc , m
2
φ, M
2
inv)
2Mηc
, (11)
and p˜2 is the momentum of the K∗ in the K∗K¯∗ center mass frame, p2,
p2 =
λ1/2(M2inv, m
2
1, m
2
2)
2Minv
Θ(Minv −m1 −m2), (12)
convoluted by the mass distributions of the two K∗, as has been done for the G function.
We take the input to construct t from Ref. [28], which was fitted to the BES data [27]. The
potential V is taken from Ref. [23] and µ = 1 GeV. The subtraction constant a(µ) = −1.0 is taken
from Ref. [28] which reproduced well the data.
III. RESULTS AND DISCUSSION
In Fig. 2, we show the results for dΓ/dMinv obtained with arbitrary renormalization in all the
range of Minv.
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FIG. 2. (Color online). The K∗K¯∗ invariant mass spectrum of ηc → φK∗K¯∗ decay. The red solid line
represents the results obtained with a(µ) = −1.0, and the blue dashed line is the phase space.
We can see that a peak develops for the distribution around 1830 MeV, where the mass of the
resonance was deduced in [28]. One might think that the limited phase space for this decay forces a
shape with a peak. This is why in order to establish the presence of a resonance, one must compare
this with what one expects from pure phase space. This is done by taking t/V = 1 in Eq. (10)
and normalizing to the same area
∫
dMinvdΓ/dMinv as in the resonant case. The result is depicted
in Fig. 2, and we can see that the shapes are indeed very different and clearly distinguishable
in an experiment without the need of excessive precision. Note that the phase space distribution
accumulates most of the strength at higher invariant masses, while in the case of the resonance a
clear and narrow peak occurs at lower energies.
It is worth seeing what happens if we make the width of the K∗ smaller. In Fig. 3 we show
the results assuming ΓK∗ = 50 MeV, 30 MeV or 0 MeV. What we observe is that the peak of the
distribution is shifed to lower invariant masses. Certainly, the results that we want are those with
the actual width ΓK∗ = 50 MeV, but we note that with the same input for µ, a(µ), and V , the peak
of the resonance is shifted to lower energies. In fact, if we take ΓK∗ = 0 with that input, we find
no pole but a pronounced cusp structure corresponding to a virtual state. This is in contrast with
the case with ΓK∗ = 50 MeV where the peak appears around 1830 MeV. This is above the nominal
threshold 2mK∗ = 1780 MeV and it is the mass distribution of the K∗ what makes the appearance
above threshold possible. In fact, it was shown in [29] that a smooth potential independent of the
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FIG. 3. (Color online). The K∗K¯∗ invariant mass spectrum of the ηc → φK∗K¯∗ decay with the same
a(µ) = −1.0 and different values of ΓK∗ . The solid red line corresponds to the physical case (ΓK∗ = 50
MeV), the blue dashed line and green dot-dashed line stand for ΓK∗ = 30 MeV and ΓK∗ = 0 MeV,
respectively.
energy cannot produce a resonance above threshold in a single channel.
The argument given here can be easily extended to the ηc(2S) (or any other radially excited
state of the ηc), since the quantum numbers are the same. The case of the ηc(2S) provides a
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FIG. 4. (Color online). The K∗+K∗− invariant mass spectrum of ηc(2S) → φK∗K¯∗ decay. The red solid
line represents the results obtained with a(µ) = −1.0, and the blue dashed line is the phase space.
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larger phase space for the decay and one might find different shapes. We have also performed the
calculations for this case and the results are shown in Fig. 4.
We take a restricted region of Minv, from threshold to 2.1 GeV where our results are reliable,
and once again plot the results obtained with the h1 resonance or just phase space, normalized to
the same area. We see now results similar to those found in [28]. The resonance case shows a
clear peak in this region, while the phase space keeps rising in all the invariant mass range.
Clearly these two shapes would be perfectly distinguishable in an experiment.
IV. CONCLUSIONS
We have studied the ηc → φK∗K¯∗ decay channel and have evaluated the shape of the invariant
mass distribution taking into account the final state interaction of the K∗K¯∗ system. For small
phase space, or in any case relatively close to threshold, the s-wave production should be dominant
and this fixes the quantum numbers of the K∗K¯∗ system to 0−(1+−), those of an h1 state. In
these quantum numbers the K∗K¯∗ interaction is attractive and according to Ref. [23] it develops
a resonance just above the nominal K∗K¯∗ threshold when the mass distributions of the K∗, K¯∗
are taken into account to deal with their widths. A manifestation of this resonance was seen in the
J/ψ → ηK∗0K¯∗0 decay mode through a peak in theK∗K¯∗ mass distribution, which was analyzed
in Ref. [28] and presented as an evidence for this theoretical prediction, although the experiment
served to make a more precise determination of the resonance mass. With the aim of suggesting
alternative reactions that give extra evidence of this state and serve to put it on firmer grounds,
we have investigated the ηc → φK∗K¯∗ reaction and have seen that it also provides a shape for
the invariant mass distribution of the K∗K¯∗ that differs substantially from the one of pure phase
space, showing a clear peak around 1830 MeV, the mass of the h1 state, while the phase space
distribution concentrates its strength at the end of the invariant mass distribution.
We have also evaluated the shape of the same mass distributions starting from an excited state
of the ηc, the ηc(2S). The two distributions are also very different here, and while the one corre-
sponding to the resonance formation peaks again at 1830 MeV, the one of the phase space keeps
growing from threshold up to 2100 MeV, so the shapes are very distinct. The calculations rely
on final state interaction of the K∗K¯∗ and one unknown vertex for the bare transition prior to the
final state interaction. This does not allow us to determine absolute decay rates, only the shapes
of the invariant mass distribution. Yet, one might have a rough estimate of the rates if one sees
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that the branching ratio for the ηc → φKK¯ is 2.9 × 10−3 [26]. We expect the new rate to be of
the same order of magnitude and well in the range of observability. We stressed that the resonance
comes from the interaction of K∗K¯∗ in single channel which could justify why it has resisted ob-
servation for so long, but it would provide a very good example of a clear molecular state coming
from the interaction of two vector mesons. At a time when an ongoing discussion on the nature of
the different hadronic states is taking place, the establishment of this new resonance would bring
important light into this healthy discussion.
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